We have developed a contact-less technique for the real time measurement of a-thermal phonons in an absorber held at sub-Kelvin temperatures. In particular, a thin-film aluminum superconducting resonator was realized on a 30 g high-resistivity silicon crystal. The lumped-element resonator is inductively excited/read-out by a radio-frequency micro-strip feed-line deposited on another wafer; the sensor is read-out without any physical contact or wiring to the absorber. To our knowledge, this is the first time a Kinetic Inductance Detector (KID), with the read-out/excitation line on a separate substrate, has been used to measure a-thermal phonons. The resonator demonstrates excellent electrical properties, particularly in terms of its internal quality factor. The detection of alphas, gammas and cosmic muons in the massive absorber is achieved, with an energy resolution of about 1.4 keV, which is already interesting for particle physics applications. The resolution of this prototype detector is mainly limited by the low (≈ 0.3 %) conversion efficiency of deposited energy to superconducting excitations (quasi-particles). The demonstrated technique can be further optimized, and used to produce large arrays of a-thermal phonon detectors, for use in rare events searches such as: dark matter direct detection, neutrino-less double beta decay, or coherent elastic neutrino-nucleus scattering.
Massive cryogenic detectors operated in the sub-Kelvin regime are widely used in rare events searches, for example: the direct detection of dark matter [1] [2] [3] , neutrinoless double beta decay 4, 5 searches, and quantitative studies of coherent elastic neutrino-nucleus scattering (CENNS) 6, 7 . The current trendin particular for dark matter and CENNS-points towards increased segmentation of the detector, to provide the best tradeoff between large target masses and low detection thresholds.
Kinetic Inductance Detectors (KID) are thin-film superconducting resonators, sensitive to the content of superconducting excitations (quasi-particles) in the film. Variations of the kinetic inductance of the superconducting film causes the resonant frequency to shift around the nominal value; the change in kinetic inductance is caused by particle interactions breaking Cooper pairs, meaning the shift is proportional to the deposited energy. This detection principle, first proposed by the Caltech-JPL group 8 , has been successfully integrated into arrays with thousands of pixels, used for millimeter wavelength astronomy 9, 10 , and single photon low-resolution spectrometers at visible to near-infrared wavelengths 11 . KID have also been used for single particle detection [12] [13] [14] , and are a natural candidate for highly segmented detectors due to their high multiplex-ability.
KID are capacitively or inductively coupled to the readout/excitation line (feed-line), providing the unique possibility of realizing contact-less read-out lines. The advantage of this is twofold: first, the absorber can be prepared (or replaced) independently without any processing requiring wiring, and second, no thermal/electrical contact between the feed-line and absorber means that a potential loss mechanism for phonons is removed. To our knowledge, this is the first demonstration of a KID deposited on a massive absorber and read-out by a a) Electronic mail: alessandro.monfardini@neel.cnrs.fr. feed-line deposited on a separate wafer. The following describes the design, fabrication/packaging, and test setup of the contact-less KID detector, which consists of a superconducting resonator on a massive 30 g silicon crystal absorber. The electrical performance of the resonator is characterized and compared to the design parameters, and the detector's single particle detection ability is demonstrated.
A classical lumped element kinetic inductance detector (LEKID) design is used, see Figure 1 , based on a long (≈ 230 mm) and narrow (20 µm) inductive section, meandered to occupy a footprint of around 4×4 mm 2 . Two capacitor fingers close the resonator circuit, giving a resonance frequency in the perfect lumped element approximation of f r = (L ·C) −1/2 . In classical coplanar KID designs, the coupling is determined by the distance between the resonator and feed-line, which is precisely fixed by the lithography. For this contact-free detector, the coupling depends on the mechanical alignment and macroscopic distance between the feed-line wafer and the massive absorber. To reduce the sensitivity of the resonator's quality factor against possible misalignment, a coupling loop between the inductor and capacitor is added, by inserting an additional length of aluminum, with no meander, underneath the feedline, see Figure 1 .
The detector design was simulated using the Sonnet program, see Figure 1 , and a detailed study of the effect of misalignment was performed. The absorber is a commercially available silicon crystal with dimensions of 36×36×10 mm 3 , a mass of roughly 30 g, and exhibits a resistivity exceeding 5 kΩ · cm. The KID is realized on one of the two 36 × 36 mm 2 faces of the 100 crystal. The feed-line is realized on a separate, standard 300 µm thick silicon wafer. The metal is deposited by electron beam evaporation, under a residual vacuum of around 5 · 10 −8 mbar, at a rate of 0.25 nm/s. Standard UV lithography (λ = 365 nm) is then performed through a dedicated mask. The metal is patterned by a chemical step through resist apertures in a wet phosphoric acid bath. Two devices were produced, with resonator film thicknesses of 20 nm and 40 nm respectively. A copper detector holder was designed and fabricated, and the crystal is held by eight PEEK clamps, see Figure 2 .
The holder was mounted in a dilution refrigerator with a base temperature of 125 mK. The underside of the Si crystal (opposite the KID) was irradiated with an 241 Am source, collimated by a 6 mm diameter hole in the holder. The KID signal is read-out with a homodyne system, in which a radio frequency (RF) synthesizer directly excites the KID at its resonant frequency 8 . The power reaching the KID is set by several fixed attenuators and a variable attenuator, with a typical overall attenuation of −75 dBm. A low noise (T noise ≈ 5 K) SiGe HEMT amplifier is mounted on the 4 K stage of the cryostat to amplify the output signal, which is then fed to a room temperature IQ mixer. This allows the inphase (I) and quadrature (Q) components of the output signal to be measured with respect to the input excitation. A fast digital oscilloscope reads FIG. 3 . Example of the best fit of the complex transmission for the 20nm resonator after removing the influence of a and ϕ (see equation (1)). In this case, the base temperature was T= 200 mK. The fitted quality factors are Q L = 1.49 · 10 5 , Q c = 2.22 · 10 5 , Q i = 4.50 · 10 5 and the resonant frequency was f r = 564 MHz. The phase φ is computed using the center of the complex plane as the reference and the phase variation ∆θ is computed from the center of the calibration circle (black cross).
the I and Q values, which are transmitted to an acquisition PC.
The detector was cooled to the cryostat's base temperature (125 mK). A heater, with PID control, is used to increase and stabilize the temperature, so studies of the resonator can be performed at different temperatures. The complex transmission (S 21 ) between ports 1 and 2 is determined from the I and Q measurements. At each temperature point, a calibration sweep is performed by sweeping the frequency of the RF synthesizer around f r . The RF synthesizer is then set to the resonant frequency (determined by the calibration sweep), and streams of a few minutes are acquired, at a sampling rate of 1 MHz.
At base temperature the resonance was measured, as expected, at a frequency of f r = 600 MHz and 564 MHz for the 40 nm and 20 nm devices respectively. To extract the resonator's electrical parameters, the measured S 21 is analysed with a standard procedure 15 , and is fit to the following equation:
The parameters a and ϕ define an arbitrary affine transformation of the resonant circle. The impedance mismatch is characterized by φ 0 , and τ is the cable delay. The internal (Q i ) and coupling (Q c ) quality factors of the resonator, even at T = 275 mK are both on the order of 2 · 10 5 , resulting in a total (loaded) quality factor (Q L = 1/ Q −1
) around 10 5 . At the lowest base temperature the resonator's Q i approaches 4 · 10 5 . For both resonator thicknesses, the same order of magnitude for the quality factors was measured.
The change in resonance frequency as a function of temperature for the two devices is used to extract the kinetic induc -FIG. 4 . Dimensionless frequency shift data against temperature, along with a fit to equation 2. ∆ and α, the energy gap and the kinetic inductance fraction respectively, are free parameters determined by the fit. Inset (same y axis units): As predicted the dimensionless frequency shift evolves linearly with respect to the number of quasiparticles n qp .
tance fraction (α), and the superconducting gap of aluminum (∆), by performing a fit to an approximation of the MattisBardeen theory 16 , which holds for h f ∆ and T < T C /3:
In this equation f 0 is the resonant frequency at T = 0 (assumed to be the same at the cryostat's lowest base temperature), and δ f = f 0 (T ) − f 0 (0) is the change in resonant frequency, as a function of temperature. These measurements also allow the detector's sensitivity (β ) to be determined, per keV of energy transformed into quasi-particles in the Al film, since δ f / f 0 = β E. This is done by determining the number of thermal quasiparticles from 17
where V is the volume of the resonator, ∆ 0 is the superconducting bandgap at 0 K, and N 0 is the single spin density of electron states at the Fermi energy. This is then converted to an energy with E = N qp ∆, where ∆ is the superconducting bandgap determined from the fit to equation 2. The result of these fits, along with the temperature sweep data, is shown in Figure 4 . Consistent results for all fitted parameters at both thicknesses were obtained. In particular, the kinetic inductance fraction allows us to estimate the kinetic inductance which practically double when reducing the film thickness from 40 nm to 20 nm as well as the sensitivity. The superconducting gap also increases when reducing the thickness, as expected for thin aluminum films 18 . The 20 nm device was irradiated by an 241 Am source with an α activity of 3 kBq. The source produces 5.45 MeV α and predominantly 60 keV γ particles, with respective rates of 100 Hz and 30 Hz in the crystal, according to Geant4 simulations 19 of the setup (see inset in figure 6 ). The estimation of the amplitudes of the pulses, see Figure  5 for examples, which represent the detuning of the resonator, is determined with the optimal filtering technique 20 . Note that the conversion from phase to detuning is done using the calibration curve obtained after a circular fit of the S 21 data in the IQ plane (ie. the complex plane), as shown in Figure 3 (left: IQ plane, bottom right: calibration curve in blue). As the optimal filtering algorithm requires a pulse template, we chose an empirical model f (t), based on our observations suggesting that only two time constants are relevant. The analytical pulse template can then be written as
with Θ(t) the Heaviside function, t 0 the start time of the pulse, τ rise and τ decay respectively the rise and decay time constants of the pulse. These time constants were extracted by fitting multiple pulses simultaneously in the frequency domain in order to avoid any biases that could arise in non-white conditions. As shown in Figure 5 , we found that the rise time, along with the ring time of the resonator, decreases with the temperature for T ≥200 mK. The ring time is computed based on the previously extracted total Q-factor values following τ ring = Q L (T )/π f r (T ). Contrarily to the rise time, the decay time was found to be almost constant for temperatures ≥ 200 mK, suggesting that the dominant relaxation process is related to the phonons lifetime in the absorber. It should be noted that for temperatures below 200 mK, we found some significant discrepancies between our simple two exponential pulse model, see equation (4), and the data. Indeed, we have evidence that a third time constant is required to fully describe the pulse shapes. This additional time constant could be explained by the recombination rate of quasi-particles in the resonator, which becomes comparable to the phonon lifetime at the lowest temperatures. A more precise study at T<200 mK is therefore required and will be undertaken in future publications. The measured detuning (pulse amplitude) histogram is presented in Figure 6 where the 5.45 MeV α peak is clearly vis- ible at 11.2 kHz, along with a lower energy population with a bump around 100 Hz and an end-point at about 250 Hz. The baseline resolution in detuning units, estimated from the reconstructed amplitudes of noise samples, was found to be σ 0 =2.93 Hz (RMS). Using the energy calibration from the α peak, this then converts into a baseline energy resolution of σ =1.42 keV (RMS). It is worth noticing that with such a keVscale baseline energy resolution, one should expect to resolve the 60 keV line from the gammas, also emitted by the 241 Am source, as suggested by the smeared Geant4 simulations (see inset panel of Figure 6 ). The fact that we don't recover such a line, and that unlike the alpha particles these gammas interact almost uniformly between the two top and bottom surfaces of the crystal, strongly suggests that the measured pulse amplitude depends on the location of the interaction event inside the detector volume. Considering the 5.45 MeV alphas from the 241 Am source impinging the Si crystal at the same location, opposite to the KID, we can estimate for this interaction the phonons to quasi-particles conversion efficiency to be around 0.3%. Further studies are needed, in particular involving the time constants and related physical processes to ensure that the sensor bandwidth is well matched to the phonons dynamics arising from a particle interaction in the detector 21 .
Finally, from our measured noise power spectral densities, we found a 1/ f -like component at the lowest frequencies which may be due to the relative variation of the distance between the feed-line and the resonator. Indeed, due to the resonator's sensitivity to changes in its electromagnetic environment, the KID is highly affected by potential changes resulting from variations of the distance to the feed-line. Through simulations, we estimated that the low-frequency noise can be explained by an RMS variation of this distance on the order of a few Å. Therefore, in addition to increasing the KID sensitivity to energy deposition in the absorber, future efforts will be devoted to getting rid of this specific environmental noise induced by vibrations. This could be achieved by running the experiment with a dedicated cryogenic suspension system to efficiently mitigate the vibration levels 22 .
The main result of this work is that we successfully designed and operated a KID resonator with a contact less feed line that was deported on a secondary wafer. We found that the resonator exhibits excellent electrical performance, hence suggesting that it is a well suited sensor technology to be used in the context of particle detection. A first detector prototype, consisting of a single resonator implemented on a 30 g highresistivity Si crystal absorber, has been tested and achieved an energy resolution of about 1.42 keV (RMS), despite its very small quasi-particles conversion efficiency. These results are very encouraging in pursuing this development along the following lines: a) better understanding and modelling of the behaviour of a-thermal phonons in such massive crystals; b) optimizing the geometrical resonator design to increase the absorption efficiency; c) establishing a quieter test setup with lower vibrations; d) using lower T C superconductors to increase the sensitivity to phonons and the average quasiparticles recombination time. It should be noted that a great advantage of this technology is that a large number of such devices can be connected in series thanks to a common readout line, using external coaxial cables, naturally providing the required multiplexing for the future generation of highlysegmented detectors. Therefore, we believe that by successfully achieving the above mentioned improvements, this technology could be used to build kg-scale detector payloads of O(10) g detector crystals, each achieving sub-100 eV energy threshold. Such detector array would then be uniquely well suited to probe low-mass dark matter candidates, and perform world leading low-energy and high-precision CENNS measurements.
